Abstract Information on the external shape, internal properties and defects of a tree is important for the forest and wood-processing industries. Resin pockets are internal defects, associated with some softwood species, and are especially undesirable in furniture, joinery and veneer products. In this study, we propose a new lower-cost method for measuring tree shape and macroscopic internal characteristics. The objectives of this study were to: (1) design, construct and test a mobile system that can be used in field to obtain a three-dimensional model of a log or tree stem indicating selected macroscopic internal characteristics and (2) to use the system to investigate the occurrence and causes of resin pockets in Pinus patula from the Mpumalanga escarpment in South Africa. In order to establish the cause of resin pocket formation in Pinus patula, four 3-m logs from 24 trees from three compartments were dissected and digitally reconstructed into threedimensional models. The results from the study suggest that the formation of Type 1 resin pockets in Pinus patula was due to bending stresses caused by wind sway. It was not possible to establish with certainty the cause of Type 2 resin pocket formation. However, there was evidence that damage events, and specifically thinning damage, have been the cause of some of the Type 2 resin pockets observed.
Introduction
The three-dimensional (3D) structure of trees such as stem form, ring structure and branch properties often significantly influences the log quality for industrial processing. Trends of increasing costs and limited log availability are forcing wood processors to become more efficient in their operations and optimize their raw material use (Occeña et al. 2001) . While the use of in-line 3D log scanners, measuring the outer shape properties of logs, is often found in modern sawmills, obtaining information on the internal properties of logs is more complex. Along with other techniques using Gamma rays, nuclear magnetic resonance (Chang et al. 1991) , microwaves, ultrasound (Han and Birkeland 1992; Sandoz 1996) and longitudinal stress waves (Ross et al. 1997 ), X-ray technology was identified as one of the most promising technologies (Hodges et al. 1990; Lindgren 1991; Grundberg 1994; Skatter 1998 ). X-ray scanning by computed tomography (CT) was for a long time too slow for industrial applications, but the highquality images captured have proven very useful for research purposes (Oja and Temnerud 1999; Bucur 2003; Rojas et al. 2006; Wei et al. 2008 Wei et al. , 2009 ). However, the use of this technique for research can be very expensive and scanners that can handle logs are not widely available.
One type of internal feature of a log that can have an impact on the value of end products is a resin pocket. Resin pockets are defined as an intercellular, circumferentially elongated pocket in the xylem, composed of resin and wound tissue, which is usually occluded the same year it is formed Seifert et al. 2010; Larson 2012) . They are induced by tangential ruptures in the cambial region and are believed to expand due to pressure created by build-up of resin from neighbouring resin canals Cown et al. 2011) . Since a resin pocket is a disruption of normal wood, it can affect the timber quality for some products and applications significantly (Cown et al. 2011) . In particular, where appearance is important (e.g. high-grade veneer, furniture, doors and windows) or where surface properties can be negatively affected by spilled resin (e.g. for coatings or adhesive application), resin pockets can significantly lower the value of the wood and thus negatively impact value recovery.
There are three types of resin pockets (referred to as Types 1, 2 and 3), although generally no distinction is made between Types 2 and 3. Type 1 is the most common form. It occurs as a tangentially oriented lens-shaped cavity filled with callus and liquid resin and is completely enclosed within a growth ring (Somerville 1980; Cown et al. 2011; Watt et al. 2011; Ottenschlaeger et al. 2012) . Type 2 originates as a Type 1 pocket but erupts through the cambium to produce visible external resin bleeding. An occlusion scar that may contain resin, callus and bark is formed. Type 3 is from a small defect that appears to originate in a cambial lesion and may cause external resin bleeding (Somerville 1980; Cown et al. 2011; Watt et al. 2011; Ottenschlaeger et al. 2012) . Donaldson (1983) showed that Type 2 resin pockets are formed in response to damage to the cambium. In this study, no distinction is made between Types 2 and 3 and all resin pockets that fall into this category are labelled Type 2. Figure 1 shows examples of the most often found resin pocket forms in this study.
According to most studies, an increasing trend in the occurrence of resin pockets from the bottom to the top of a tree can be observed (Temnerud 1999; Seifert et al. 2010; Watt et al. 2011; Jones et al. 2013) . Watt et al. (2011) also detected an increasing trend in Pinus radiata trees with radial distance from the pith with an almost absence of resin pockets near the pith. The cause of resin pocket formation is complex and dependent on the site, the tree, the climate and other factors. A number of studies have been done on resin pocket formation and likely causes. Most of the studies were done on Pinus radiata in New Zealand and Norway spruce (Picea abies) in Europe. The three main hypotheses that emerged from these studies were: (1) the storm hypothesis, (2) the drought hypothesis and (3) the damage hypothesis. Table 1 gives a short description of the three hypotheses citing their supporting literature and giving the hypothesis test applied in this study.
The objectives of this study were to: (1) design, construct and test a mobile system that can be used in field to obtain a 3D model of a log or tree stem indicating selected macroscopic internal characteristics and (2) to use the system to investigate the occurrence and causes of resin pockets in Pinus patula from the Mpumalanga escarpment in South Africa. Pinus patula is the most extensively planted conifer in the tropics and sub-tropics (Wright 1994) , and to the authors' best knowledge, this study will be the first to investigate the causes of resin pocket formation in Pinus patula.
In this study, a relatively low-cost system for the 3D reconstruction of full tree stems was developed to provide some of the data typically generated by CT scanning. This system can be used in field eliminating the need for log transport. We verified the system by applying it to analyse the occurrence of resin pockets in Pinus patula trees from Mpumalanga, South Africa. Pinus patula is the most extensively planted softwood species in South Africa, comprising 337,467 ha or 52.2% of the total planted softwood area, mostly occurring in Mpumalanga North and South, KwaZulu-Natal and the Eastern Cape (DAFF 2012) . It is also the most extensively planted conifer in the tropics and sub-tropics with more than a million hectares established in these regions (Wright 1994 ). The species is densely branched and has a thin bark that can easily be damaged by hail or fire (Vermaak 2007 ).
Materials and methods

Log analysis system
A mobile frame was designed in Inventor, a part of the AutoCAD software package (version 2012). The frame was designed to fit on the back of a light pick-up truck to be easily transportable.
The main features of the system were the following (see Fig. 2 ):
• Sharpened bolts are used to fasten a log so that no movement of the log occurs during cross-cutting (A); • A chainsaw is fastened onto a sliding jig which can move horizontally on a rail as the log is dissected. The jig allows vertical movement of the chainsaw on a sliding rail during cutting so that the cross-cut surface is always at a perfect right angle to the frame (B); • The chainsaw was modified to use a 6.35-mm pitch chain which gives much better cross-cut surface quality (for image reconstruction) than the standard 9.32-mm pitch.
• A digital camera is mounted onto the frame for obtaining images of the cross sections of the log. The camera jig slides on the rail in a linear path so that images are always obtained from a fixed distance from the cross-sectional face (C); • A laser distance meter is mounted on the one end of the frame to record accurate longitudinal distances between cross-cuts needed for digital reconstruction of the log (D).
Once assembled in field, logs up to 3 m in length and 45 cm in diameter can be rolled onto the frame. Cross-cuts were done with a high-power chainsaw (Stihl MS 660, 5.2 kW). Each cut surface was imaged with a digital camera (Canon Power Shot D10) positioned at a fixed length from the log surface. The camera was used in More resin pockets are formed in relation to wind direction and speed. Larger and exposed trees are more susceptible Temnerud (1996) Holzmann ( 
Study material and site
The study was carried out in three compartments from Komatiland Forests (KFL) in the Mpumalanga escarpment, South Africa. The compartments were selected based on the site index determined by KLF to represent good, medium and bad growth conditions. This region is located within the summer rainfall area of South Africa. The mean annual rainfall is 1050 mm and is distributed from October to April. The mean annual temperature is 16°C, and altitude of the selected compartments is between 1250 and 1750 m. Table 2 lists the most important site indicators per compartment. The two Morgenzon sites are located 4 km apart, and Blyde is about 12 km to the east of them, close to the town of Graskop.
Data collection
In total, 24 randomly selected trees, eight each from three compartments, were selected based on diameter at breast height (DBH) quantiles, of 100 measured trees in the compartment. Before felling, the north side of the selected trees was marked. The full length of each tree was measured after felling and then cut into four 3-mlong logs. The logs were loaded onto the mobile frame, discs were cut in 20-cm increments, and the log surface was imaged. Additional cuts were made in areas with knots to obtain as much information on branch properties as possible (i.e. branch angle, diameter and azimuth). Branching properties were recorded for another study on simulated sawing of logs. Discs with resin pockets were marked and taken to Stellenbosch University for further analysis.
Data analysis and log reconstruction
A manual interactive protocol and plug-in were developed using ImageJ software (version 1.45) to orient images in the same direction and identify the circumference, pith and knots in each image. If resin pockets were present in the image, the size, deviation from North and tree ring in which the pocket occurred were measured as well. MATHLAB R2009a software was used to write a program for the reconstruction of images into a 3D model by linking image outlines and internal features. An example of one 3D model created by the software can be seen in Fig. 3 . Not included in the reconstruction but recorded separately were measurements of tree ring width. Resin pocket size and dimensions were measured in all discs that contained resin pockets using CT scanning (General Electric Phoenix VTOMEX L240) and 3D reconstruction software (Volume Graphics VGStudio Max 2.2).
Testing of resin pocket formation hypotheses
In order to test the hypotheses on resin pocket formation described in Table 1 , additional data on average moist growing season, monthly rainfall and silvicultural interventions in the compartments were obtained from the forest station close to the sample compartments. Wind data were obtained from a weather station close to the town of Graskop (Windfinder 2016) .
Results and discussion
Log reconstruction and analysis
The developed mobile frame was successfully tested in field and performed well in terms of ease of use and providing high-quality images of the log cross sections. Data analysis turned out to be rather time-consuming as measurements of the outline, pith, resin pockets and knots had to be done manually. An automatization of the procedure was not possible in this study, as light and image background conditions in field were too variable. If images could be taken under more controlled conditions (e.g. in a shed or tent with additional light sources), the method could easily be automated. As demonstrated in Fig. 3 , a successful three-dimensional reconstruction of the outer log shape, pith, knot locations and resin pockets if present is possible with the method described in this study.
Although not done here, it is possible to include tree ring width measurements obtained from the digital images into the model which would further enhance the significance of the data for potential use in sawmilling simulation software to study and predict yield and quality of logs and lumber.
Resin pockets
The study material contained 66 resin pockets of which 42 were detected in the predetermined cutting increments of 20 cm. The remaining 24 were discovered in additional cuts made to expose knots (extra cuts were made where knots were observed). The majority of resin pockets were found in material from the Blyde compartment which was indexed as having the best growing conditions (see Table 2 ; Fig. 4a ). However, it can be assumed that there were more resin pockets present in the material between the cut surfaces. Discs with resin pockets present were scanned using a CT scanner, and the mean resin pocket dimensions were 21.79 mm in longitudinal direction, 22.95 mm in tangential direction and 2.09 mm in the radial direction. A visual analysis of the imaged resin pockets showed that most (80%) were formed in the earlywood of a growth ring. As resin pockets were imaged in log discs that were cut from a log to visually identify resin pockets, the pockets were consequently damaged and not their full actual dimensions were measured. Since cuts were made without previous knowledge to resin pocket position within the log, a normal distribution representing 50% of the actual longitudinal dimensions can be assumed. The measured resin pocket length must therefore be doubled to obtain the actual mean resin pocket length of 43.58 mm. The difference between average measured and actual length in the two other dimensions can be neglected as cross-cutting impacts those measurement to a lesser extent. The resin pocket dimensions of Pinus patula in this study lie within the lower size range found in literature for softwood species (Somerville 1980; Cown et al. 2011) .
Resin pocket occurrence at certain height intervals can be seen in Fig. 4d . While they were found throughout the length of the tree, the least are found in the bottom log and the largest number is between 6 and 8 m. Figure 4b , c gives an overview of the resin pocket occurrence per growth ring and calendar year. Next to the observed larger amount of resin pockets between 6 and 8 m, there seems to be a trend of more resin pockets in outer growth rings of the trees. Most of the resin pockets found were Type 1 (80%), and only 13 were of Type 2. 80% of the resin pockets were located in earlywood and 20% in latewood. Data interpretation between compartments is complicated by the overall low number of resin pockets, and especially in compartments Morgenzon a1A and E3. 
Causes of resin pocket formation
In this section, possible causes of resin pocket formation based on in Table 1 outlined hypotheses will be discussed. Statistical analysis of results was done using Statistica (version 13.0) and R (version 2.3.4).
If storms or strong prevalent winds are the cause of resin pocket formation, the maximum tensile and compressive stresses will be found in the same direction as the wind. Presumably, more resin pockets will then occur in the direction of the wind force. To test the storm hypothesis, orientation and location of resin pockets in the trees from only the Blyde compartment were examined. Figure 5 shows a histogram of the angle at which resin pockets were found in early-and latewood. Analysis of variance (ANOVA) of circular data, testing whether there is a difference in resin pocket occurrence in early-and latewood in different orientations of the stem, shows that there is a statistical significant difference (p \ 0.005) between the orientation of resin pockets in early-and latewood.
Data on wind direction or speed were not available for the time period where wood formation occurred in trees at Blyde C22 compartment. However, wind data from a weather station nearby the town of Graskop were available for the 5-year period from 2011 to 2016 (Windfinder 2016) . This wind data show that the highest wind probability as well as the highest wind speeds in the summer months occurred in November. The prevailing wind direction in November was north-northeast (Fig. 6) . Blyde C22 is situated in a slight valley that runs in the northerly direction, and presumably, it will channel winds into this direction. This was also verified by the KLF forester managing this area (C. Pickup, personal communication, May 9, 2016). With a northerly wind, the bending moment incurred in a tree will generate tensile stresses on the northern side of the stem and compressive stresses on the southern side. For pine poles, the characteristic bending strength is about double that of the characteristic tensile strength (SANS 2003) . One can assume that a tree will have similar strength characteristics to a pole, and this suggests that with strong winds wood failure will probably occur on the tensile sidewhich in the case of northerly wind will be the northern side of the stem. The C22 compartment is situated on the western slope of the valley which means trees will also lean slightly to the eastern side (due to gravitation) in the event of a north wind-instead of swaying purely in the north-south direction. Tensile stresses will then be more towards the north-western side of the stem than purely north. The observed high occurrence of resin pockets in the north-north-west direction of earlywood from trees from Blyde C22 is thus exactly what one would expect if the wind hypothesis is valid.
Additionally, one might also expect taller trees to experience both a higher wind load as well as larger bending moments on the lower parts of the stem which might subsequently result in more resin pockets. In this study the tallest trees were located in the Blyde C22 compartment and also had the largest amount of resin pockets in this study (Table 2 ; Fig. 4a ). ANOVA shows a significant difference in number of resin pocket occurrence both per compartment (p = 0.016) and per tree height (p = 0.011). The resin pockets in the Blyde compartment were located in the trees at a mean height of 6.6 (±3.0) metres. The effect of tree height on wind load and bending moment also supports the theory of wind as a causal factor for resin pocket formation. These results are in line with studies on P. radiata (Jones et al. 2013 ) and P. sylvestris (Temnerud 1999) where mechanical tree bending was used to simulate wind loads. The results from this study therefore give strong support for the hypotheses that Type 1 resin pockets in Pinus patula are caused by wind. The drought hypothesis was tested by comparing resin pocket occurrence per year with the water availability described in terms of mean annual rainfall (Fig. 7) . We chose to limit this comparison again to the Blyde compartment as most resin pockets were found there. It was assumed that if drought was the main cause of resin pocket formation, then resin pockets will occur more frequently during specific years with low rainfall. A simple linear regression actually shows a positive relationship between annual rainfall and the number of resin pockets per year for the Blyde area (Fig. 5) . Drought, defined as water stress during growth, therefore, was likely not the main cause for resin pocket formation, as enough water was available in the years with high resin pocket occurrence. Results by Seifert et al. (2010) and Temnerud (1999) , examining Norway spruce, and Cown (1973) on radiata pine suggest that low water availability and subsequent drought stress increased the number of resin pockets observed. Although unlikely, it is possible that short periods of low water availability in the stands that we examined could increase the likelihood of resin pockets forming even in years with high total rainfall. Our data, however, did not allow such a detailed analysis.
The main cause of external damage of the cambium to pine trees in South Africa would possibly be thinning damage. The damage hypothesis was thus tested by comparing years where thinning operations were performed in the compartments that could have caused felling damage with resin pocket occurrence in the same and following year. Overall, 38% of all resin pockets in this study were associated with a thinning year. Statistical analysis of data showed no significant impact of thinning on resin pocket formation. Observation of the thinning years and resin pocket data showed that Type 1 resin pockets were very obviously not related to thinning. However, in the case of Type 2 resin pockets there was a trend of more resin pockets formed in thinning years (Fig. 8) . Only two of the compartments, i.e. Blyde C22 and Morgenzon a1A, had Type 2 resin pockets. In Blyde C22, seven Type 2 resin pockets were observed in the 18-year range from 1993 to 2010. In Morgenzon a1A, six Type 2 resin pockets occurred in the 18 years observed. If one assume that there is an even chance of resin pockets occurring in any given calendar year, it means that there will be on average (7 ? 6)/(18 ? 18) = 0.36 Type 2 resin pockets occurring per year in these two compartments. In total in the two compartments, six resin pockets were formed in the five thinning years. The average number of resin pockets in a thinning year was thus 6/5 = 1.2 resin pockets per thinning year. It thus seems as if there was a much higher probability of resin pockets forming in thinning years than nonthinning years. This supports the theory that Type 2 resin pockets could be formed by damage events such as thinning. However, due to the low number of Type 2 resin pockets observed this deduction must be viewed with caution.
Another possible factor for the damage hypothesis is the damage that might be caused by insect attacks. Insects can cause micro-wounds to the cambium, and in a defence reaction the tree then might create resin pockets (Christiansen and Kucera 1999; Hood and Gardener 2002) . In South Africa, native insects such as the pine emperor moth (Imbrasia cytherea) and pine browntailed moth (Euproctis terminalis) are localized and/or sporadic pests that can reach economically important levels, and are a target of management and control, and that attack Pinus patula causing damage to the crown by feeding on the needles and thus causing stress for the affected trees (Vermaak 2007; Garnas et al. 2012 ). However, no locally occurring insects are known to bore into and damage the cambium from the outside of the tree without obvious visual damage (e.g. Sirex wasp bore holes). No direct insect damage in vicinity to resin pockets was observed in this study.
Conclusion
A mobile frame for obtaining images from cross-cut surfaces of tree stems was successfully constructed and tested in the study of Pinus patula trees in Mpumalanga, South Africa. The images can be reconstructed into three-dimensional models of logs and trees including properties such as the external shape of the trees, branch structure, resin pockets and pith location. Ring width data could also be accurately measured from the images. Data processing could be optimized by developing the image analysis part of the log reconstruction system further in order to automate the reconstruction process.
The images obtained were used to study and establish the reason for the formation of resin pockets in Pinus patula trees from Mpumalanga, South Africa. The results from the study suggest that the formation of Type 1 resin pockets was due to bending stresses caused by wind sway. It was not possible to establish with certainty the cause of Type 2 resin pocket formation. However, there was evidence that damage events, and specifically thinning damage, have been the cause of some of the Type 2 resin pockets observed. Overall, statistical data analysis showed certain trends, but due to a lack of power in terms of observations in certain categories (i.e. number of Type 2 resin pockets and resin pockets in latewood), it was difficult to establish significant relationships.
Future studies on resin pocket formation in Pinus patula trees should include a detailed climatic, wind and insect record of the study material in order to link specific drought, storm, silvicultural operations or insect attack events to the formation of resin pockets.
